producers the option of cropping more intensively than more than Stoa in 6 out of the 12 yr. Soil NO 3 -N levels increased in with crop-fallow (Halvorson and Reule, 1994 ; Peterson the root zone following three consecutive drought years, but had et al., 1996) . Black et al. (1981) reported more efficient declined to initial year levels by the end of the study. These results water use with more intensive cropping systems. Halvorindicate that farmers in the northern Great Plains can produce SW son and Black (1985) reported crop yields that were following SF in annual cropping systems that do not include a fallow generally Ͼ80% of 2-yr SW-fallow yields when grown period, particularly if NT or MT systems are used with adequate N fertilization.
in an annual cropping system with adequate N and P fertilization. Aase and Reitz (1989) and Aase and Schaefer (1996) reported that annually cropped SW with NT was more profitable and productive than SW-fallow I n the semi-arid northern Great Plains, plant-available in a 356 mm precipitation zone in northeast Montana. water (PAW) and soil erosion are major factors limHall and Cholick (1989) reported varying responses iting agricultural production. Therefore, farmers need of SW cultivars to tillage systems and a need to select to manage crop residues and tillage to control soil erocultivars for use under NT conditions. Most SW cultivars sion and effectively store and use the limited precipitadeveloped for use in the northern Great Plains have tion received for crop production. No-till and minimumbeen developed using crop-fallow systems and low resitill systems are effective steps in efficiently saving more due, CT environments. precipitation for crop production (Aase and Schaefer, Information is limited on the successes of more inten-1996; Halvorson, 1990b; Peterson et al., 1996 ; Tanaka sive dryland cropping systems in the northern Great and Anderson, 1997) .
The traditional crop-fallow system of farming uses Plains that include MT and NT management systems water/precipitation inefficiently as evidenced by the deand a deep rooted crop, such as SF, in the rotation. In velopment of dryland saline-seeps in the northern Great addition to more efficient water use, more intensive MT Plains (Halvorson and Black, 1974) . The solution to the and NT cropping systems have the potential to be more saline-seep problem is to crop more intensively with profitable (Dhuyvetter et al., 1996) and reduce soil erosion potential (Merrill et al., 1999 and cultivar (Butte86 and Stoa) on SW grain yields within a dryland SW-WW-SF rotation. to SW planting in 1985 , 1986 , 1990 , 1993 , and 1994 before N fertilization. Samples were collected in 30-cm increments to a depth of 120 cm. Soil NO 3 -N was Surface residue cover was generally Ͼ60% after planting. No preplant herbicides were applied in the other years. Residue determined for each depth increment by autoanalyzer (Lachat Instruments, 1989; Technicon Industrial Systems, 1973 ) on a cover estimates were based on visual observations using experience with photographic measurements made of residue cover 5:1 extract/soil ratio using 2 M KCl extracting solution (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) ) and a 0.01 M CaSO 4 extracting solution (1993) (1994) (1995) (1996) . Voluin adjacent SW-fallow plots (Merrill et al., 1995) . Springapplied herbicides were used to control broadleaf and grassy metric soil water content was estimated from gravimetric soil water measurements using a soil bulk density of 1.42 gm cm
Ϫ3
weed species within the growing SW crop. Tillage treatments, agronomic operations, and herbicides applied to the SF and for the profile (Black and Tanaka, 1997). Total plant available water was estimated as the sum of spring soil PAW in the 0-WW crops are described by Halvorson et al. (1999a Halvorson et al. ( , 1999b .
The SW was generally planted in early May at a seeding to 120-cm profile plus growing season precipitation (April through August). Spring soil PAW was estimated by subrate of about 3.2-million seeds ha Ϫ1 with a NT disk drill with 17.8-cm row spacing. The plots were harvested in mid-to latetracting the lowest measured soil water content (152 mm) in the 0-to 120-cm profile following SW harvest during the 12-August each year by hand cutting SW samples for grain yield determination from two 1.5-m 2 areas within each plot (1985-yr study from soil water contents in the 0-to 120-cm soil profile each spring. Precipitation was measured from April 1993). In 1994 through 1996, grain yields were determined from a 50-m 2 area with a plot combine. Grain yields are exthrough October each year with a recording rain-gauge at the site. November through March precipitation was estimated pressed on a 120 g kg Ϫ1 water content basis. Soil samples, one 3-cm diameter core per plot, were colfrom the U.S. Weather Bureau measurements made at the Northern Great Plains Research Laboratory at Mandan, ND, lected for gravimetric soil water and NO 3 -N analyses from one cultivar plot for each tillage and N fertilizer treatment each which was located approximately 5 km northeast of the site. Annual precipitation (Fig. 1) tial (Major et al., 1988; Nielsen and Halvorson, 1991 year, N rate ϫ year, and tillage ϫ N rate ϫ year interac- ‡ CT, conventional till; MT, minimum till; NT, no till.
tions. Spring soil NO 3 -N levels (0-to 120-cm depth) associated with the tillage ϫ N rate ϫ year interaction N rate. In 1994, MT had a higher level of soil NO 3 -N than NT at the lowest N rate, with CT and MT having are reported in Table 1 . No differences were observed in spring soil NO 3 -N levels among tillage treatments higher levels than NT at the medium N rate and CT having higher levels than MT and NT at the highest N when compared over N rates and years from 1985 through 1988. In 1989, spring soil NO 3 -N levels were rate. In 1995 and 1996, no differences were observed among tillage treatments for each of the N rates. The data significantly greater with MT than with NT and CT for the highest N rate. In 1990, spring soil NO 3 -N levels in Table 1 show that spring soil NO 3 -N in the soil profile had increased considerably following the drought years were greater with CT than NT at the highest N rate. In 1991, CT and MT had a higher level of soil NO 3 -N than of 1988 through 1990, which experienced poor WW and SF yields and reduced N requirements (Halvorson et NT at the low N rate. At the medium N rate, CT had a higher soil NO 3 -N level than MT and NT. At the high al., 1999a, b). The trend was for higher levels of soil NO 3 -N with increasing N rates from 1990 through 1994, N rate, MT had a higher level of soil NO 3 -N than CT and NT. In 1992, CT had a higher level of soil NO 3 -N with spring soil NO 3 -N levels in 1995 and 1996 approaching levels similar to those in 1985 at study inithan MT and NT at the low and high N rates. At the medium N rate, soil NO 3 -N was greater with CT than tiation.
The tillage ϫ year interaction also shows that spring MT. In 1993, there were no differences in soil NO 3 -N among tillage treatments at the low N rate, with CT soil NO 3 -N levels increased within all tillage systems from 1989 through 1992 (Fig. 2) following the drought having higher levels than NT at the medium N rate and CT and MT having higher levels than NT at the highest years (Fig. 1) . The NT treatment had less soil profile NO 3 -N than CT from 1990 through 1994. Average increasing N rate. Soil NO 3 -N levels began to decline spring soil NO 3 -N levels (0-to 120-cm depth) were 122, in 1993 for all N rates, with the 34 and 67 kg ha Ϫ1 N 113, and 65 kg N ha Ϫ1 for the CT, MT, and NT treatrates declining to 1985 levels. No fertilization in 1991 ments, respectively. These trends probably reflect less and 1992 along with fair to good SF yields (Halvorson et N mineralization of soil organic matter in the NT system al., 1999b) from 1991 through 1994 prior to SW probably compared with the CT system, where tillage operations contributed to this decline in spring soil N levels. Spring mix soil and crop residues. In fact, Wienhold and Halsoil NO 3 -N levels in 1994 were slightly greater than the vorson (1998) showed that NT had a higher level of 1993 levels for the 34 and 67 kg ha Ϫ1 N rates. All spring total N in the surface 15 cm of soil than MT and CT soil NO 3 -N levels had declined to 1985 levels by 1996. treatments after 10 crop years and that N mineralization potential (Wienhold and Halvorson, 1999) was greater
Grain Yield
with NT than with CT and MT.
Spring wheat grain yields were significantly affected The N rate ϫ year interaction showed that spring by tillage system, N fertilization rate, cultivar, and years. soil NO 3 -N levels were similar for all N rates from 1985
However, significant tillage ϫ N rate, tillage ϫ year, N through 1988 (Fig. 3) . In 1989, soil NO 3 -N levels inrate ϫ year, cultivar ϫ year, tillage ϫ N rate ϫ year, creased, with the greatest level of spring soil NO 3 -N and N rate ϫ cultivar ϫ year interactions for grain yield associated with the 101 kg ha Ϫ1 N rate. From 1989 through 1992, spring soil NO 3 -N levels increased with were present. The yearly data was grouped by level of TPAW (Ͻ300 mm, 300-400 mm, and Ͼ400 mm) to show of NT at the lowest and highest N rates, with CT yields exceeding those of NT at the medium N rate. In 1995, the relationship of TPAW on SW yields.
Grain yields for the tillage ϫ N rate ϫ year interaction grain yields were maximized with the medium N rate for all tillage treatments. Grain yield responses to appliare shown in Table 2 . During the years with Ͻ300 mm TPAW, yields were lowest in 1988 and highest in 1991, cations of 67 and 101 kg N ha Ϫ1 tended to be greater in years when TPAW was Ͼ400 mm than in those years with no differences among tillage treatments in 1988, 1989, and 1990 when compared across N rates and years.
with less TPAW. The tendency for lower yields with NT in the wetter years in contrast to higher yields in In 1991, grain yields with NT were greater than with CT at the low and high N rates. In general, responses Table 3 . Spring wheat grain yields for the N rate ϫ cultivar ϫ to N rates were nonsignificant during the years with year interaction † as grouped by level of total plant available Ͻ300 mm TPAW; however, the greatest yields tended water (TPAW).
to be associated with NT and the highest N rate each Grain yield year. Merrill et al. (1996) with CT in 1985 CT in , 1987 CT in , and 1996 1993. In 1995, CT and MT grain yields exceeded those the drier years when compared with yields with CT and Discussion of the tillage ϫ year (Fig. 5) and N rate ϫ year (Fig. 6 ) interactions for grain yield will be minimal MT partly explains the significant tillage ϫ N rate ϫ year interaction. Residues were not as important to water due to the extensive discussion of the tillage ϫ N rate ϫ year interaction above. Data trends observed in Fig. 5 conservation and evaporation suppression during years with Ͼ400 mm TPAW. In addition, responses to N at and Fig. 6 are similar to those discussed above for the grain yield data in Table 2 . the two highest rates were probably minimized by the high level of spring soil N present at planting most years.
Grain yields for the N rate ϫ cultivar ϫ year interaction are reported in Table 3 . During the years with Campbell et al. (1993a, b) reported that soil N became more important to SW yields than fertilizer N with in-Ͻ300 mm TPAW, there were no grain yield responses to N with Stoa; however, grain yields were maximized creasing years of adequate N fertilization in an annual cropping system. This supports our observations in at the medium N rate with Butte86 in 1990. During the years with 300 to 400 mm TPAW, grain yield responses this study.
Grain yields in the Ͼ400 mm TPAW group were to N rate varied. In 1985, Stoa did not respond to N fertilization but Butte86 grain yields decreased with ingenerally equal to or less than those within the 300 to 400 mm TPAW group. One reason for grain yields not creasing N rate. In 1987, grain yields with the medium and high N rates exceeded those of the low N rate for increasing above those within the 300 to 400 mm TPAW group would be an increase in leaf spot disease severity both cultivars. In 1992, the low and high N rates produced a greater yield than with the medium N rate for associated with higher moisture levels, which reduced yield potential (Krupinsky et al., 1997 (Krupinsky et al., , 1998 . A contribboth cultivars. In 1994 and 1996, the medium and high N rates produced higher yields than the low N rate for uting factor to lower yields at the 34 kg N ha Ϫ1 could be related to an increase in disease severity. When evalboth cultivars. During the years with Ͼ400 mm TPAW, both cultivars obtained their greatest yields with the uating SW plants for leaf spot diseases during this study, differences among N treatments were evident for nearly highest N rate, with the exception of Stoa in 1995. In 1993 and 1995, grain yields were similar for the medium half (45%) of the ratings. Higher levels of disease severity were associated with the 34 kg N ha Ϫ1 treatment and high N rates for Butte86. Grain yields at the medium N rate were greater than with the high or low N rates compared with the higher N treatments. This indicated that N level had an influence on leaf spot diseases and in 1995 for Stoa. In general, grain yields for Butte86 tended to be greater than those of Stoa at all N rates emphasized the importance of providing adequate N nutrition in continuous cropping systems (Krupinsky et in 1985 (Krupinsky et in , 1991 (Krupinsky et in , 1992 (Krupinsky et in , 1993 (Krupinsky et in , and 1995 The cultivar ϫ year interaction effects on grain yields al. , 1997, 1998) .
The tillage ϫ N interaction shows that SW grain yields are shown in Fig. 7 . Grain yields were greater for Butte86 than for Stoa in 1985 Stoa in , 1986 Stoa in , 1991 Stoa in , 1992 Stoa in , 1993 , with MT were greater than those with CT and NT at 34 kg ha Ϫ1 N (Fig. 4) . Grain yields at the 101 kg ha
Ϫ1
and 1995 (6 out of the 12 years of this study). Stoa grain yields equaled those of Butte86 during the other six N rate were in the order NT ϭ MT Ͼ CT. The greatest 12-yr average SW grain yield (1727 kg ha Ϫ1 ) resulted years. In this study, Butte86 generally reached the heading and grain filling growth stages about 6 d earlier with NT and the highest N rate. The benefit of using NT and MT systems over CT systems for SW production than Stoa, thereby escaping some of the effects of plant diseases and late summer drought stress. This may parin an annual cropping system with adequate N fertilization is depicted in Fig. 4 .
tially explain the greater yields with Butte86 over Stoa 
